The notion that the cell death machinery is utilized during lens organelle degradation is supported by the observation that well characterized apoptotic substrates are cleaved during this process. Here, we test directly the role of executioner caspases (caspase-3, -6, and -7) in fiber cell differentiation. The distribution of mRNA, protein, and enzymatic activity for each caspase was determined in the mouse lens. Transcripts for all three executioner caspases were identified in lens fiber cells by real time RT-PCR, although only caspase-6 and -7 proteins were detected subsequently by Western blot analysis. Endogenous proteolytic activity was noted for caspase-3 but not caspase-6 or -7. We tested the role of executioner caspases in organelle degradation by examining lenses from mice deficient in each caspase. Knock-out lenses appeared grossly normal with the exception of caspase-3 ؊/؊ lenses, which exhibited marked cataracts at the anterior lens pole. The distribution of lens organelles was mapped by confocal microscopy. There was no significant difference in the size of the lens organelle-free zone (OFZ) 1 between wild-type and knock-out lenses. In response to treatment with staurosporine, caspase-3 and -6 (but not caspase-7) enzymatic activities were induced. We generated double knock-out animals to examine the phenotype of lenses deficient in both caspase-3 and -6. Histological examination of such lenses indicated the presence of a properly formed OFZ. Thus, no single executioner caspase (nor a combination of caspase-3 and -6) is required for organelle loss, although caspase-3 activity may be required for other aspects of lens transparency.
Apoptosis, or programmed cell death, is an active process accompanied by characteristic morphological and biochemical changes. It can be triggered by stimuli either intrinsic or extrinsic to the cell. An internal stress, such as hypoxia, can activate the intrinsic pathway through the disruption of mitochondria. Extrinsic activation may occur following ligand binding to so-called death receptors. The intrinsic and extrinsic pathways are believed to converge on a conserved family of cysteine proteases called caspases. Following receipt of an appropriate apoptotic signal, caspases are cleaved from inactive precursors to active mature forms. The initiator caspases (caspase-2, -8, and -9) are responsible for the activation of the effector caspases (caspase-3, -6, and -7). These effector (or executioner) caspases play critical roles in the cleavage of key structural and regulatory proteins, such as poly(ADP-ribose) polymerase, nuclear lamins, DNA fragmentation factor, and spectrin (reviewed in Refs. [1] [2] [3] [4] .
Recent data suggest that, in addition to their pivotal role in cell death, caspases may be implicated in the normal differentiation pathways of various cell types. For example, keratinocytes, erythrocytes, and skeletal muscle cells all utilize caspases during their differentiation (5) (6) (7) . In this study, we examined the role of the apoptotic machinery in the degradation of cytoplasmic organelles that occurs during the differentiation of lens fiber cells.
Organelle degradation is triggered in cells in the center of the lens during embryonic development and is characterized by the rapid and coordinated disappearance of all membranebound organelles including nuclei, endoplasmic reticulum, and Golgi apparatus (8) . This process is believed to remove potential scattering elements from the light path and thereby provide a transparent cytoplasm through which light can pass. Significantly, failure to properly degrade organelles is associated with cataract in both mice and humans (9 -12) . Despite the absence of organelles, cells in the lens core retain their structural integrity. Indeed, these are the fully functional cells of the lens and persist throughout the life of an individual. The elimination of organelles from fiber cells in the center of the lens results in the formation of a region termed the organellefree zone (OFZ; Fig. 1 ). The OFZ includes initially only the innermost lens fiber cells but, over time, expands, eventually encompassing most of the cells in the lens (13) .
At the border of the expanding OFZ, fiber cells undergo a series of morphological and biochemical transformations strongly reminiscent of those that occur during apoptosis. For example, the chromatin in the degenerating lens cell nuclei condenses, nuclear pores cluster, there are concomitant changes in nucleolar structure, and, eventually, TUNEL-positive DNA fragments are produced (14 -16) . At the same time, mitochondria fragment, resulting in loss of the mitochondrial membrane potential, and the endoplasmic reticulum and Golgi complex disintegrate (13, 17, 18) . Many classical endogenous substrates of caspases are also expressed in the lens and undergo proteolysis during lens fiber cell differentiation. Thus, poly(ADP-ribose) polymerase, a DNA repair enzyme cleaved during apoptosis by caspase-3, is progressively cleaved during fiber cell differentiation in the rat lens (19) . Nuclear lamins are well known substrates of the executioner caspases. Differentiating lens fiber cells express lamin A/C and lamin B, and both are degraded during organelle breakdown (15, 20) . Spectrin, an actin-cross-linking protein, is also a caspase-3 substrate and is cleaved at the onset of organelle loss (21) . Furthermore, the treatment of lentoid cultures (small clusters of lens cells expressing fiber cell differentiation markers) with the pancaspase inhibitors t-butoxycarbonyl-Asp-FMK or benzyloxycarbonyl-VAD-FMK, prevents the cleavage of poly(ADP-ribose) polymerase and reduces the number of TUNEL-positive nuclei in the cultures (19, 22) . Finally, overexpression of the antiapoptotic protein Bcl2 in mice or chicken lenses results in the abnormal retention of nuclei in the inner fiber cells (23, 24) . Because lens cell organelle degradation exhibits so many hallmarks of apoptotic cell death, it has been characterized as "incomplete" or "attenuated" apoptosis (20, 25, 26) , and, while never demonstrated directly, the involvement of caspases in this process is widely presumed.
In this study, our aim was to better define the role of the executioner caspases (caspase-3, -6, and -7) in lens cell differentiation by examining mice in which one or more of these genes was inactivated. Our data did not support the hypothesis that caspases are essential for organelle loss but did reveal a previously unsuspected role in the maintenance of lens transparency.
MATERIALS AND METHODS
Animals-Wild type mice (C57-BL6; Jackson Laboratory) were killed by CO 2 inhalation and decapitation. Eyes were enucleated, and lenses were removed using fine forceps, through an incision in the posterior of the globe. Caspase-3, caspase-6, and caspase-7 knock-out mice were generated as described (27) (28) (29) (30) . The phenotype of caspase-3-deficient mice is strain-dependent. In the present study, caspase-3 knock-out animals were backcrossed onto a pure C57BL/6J genetic background. On this background, caspase-3-deficient mice reach adulthood, are fertile, and show minimal brain pathology (28) . The clarity of lenses from wild type or knock-out animals was assessed photographically. Lenses were dissected from the eye, placed in prewarmed tissue culture medium, and photographed against a dark background using a CCD camera (Spot RT, Diagnostic Instruments, Inc.) mounted on a dissecting microscope (Stemi-2000C; Zeiss). The procedures described herein were approved by the Washington University Animal Studies Committee.
Quantitative RT-PCR-To measure the concentration of specific caspase mRNAs in lens fiber cells, we employed a quantitative RT-PCR technique, essentially as described (31) . Lens tissue was obtained from 4 -6-month-old mice. The capsule was removed along with the adherent anterior lens epithelium. The remaining fiber mass was collected for RNA extraction. Three samples, each composed of fiber cells from two lenses, were used for RNA isolation. Samples were run in triplicate.
RNA Preparation and cDNA Synthesis-RNA was purified from lens samples using RNeasy Protect (Qiagen, Inc., Valencia, CA), and residual DNA was removed using DNAfree (Ambion, Inc., Austin, TX). Synthesis of cDNA was performed using Retroscript (Ambion) reverse transcriptase. For each PCR, 16 ng of mouse lens fiber cell cDNA was included.
Real Time PCR Analysis-Oligonucleotides for each caspase were designed using Vector NTI Suite 7 (InforMax, Inc., Bethesda, MD) based on published sequences from GenBank TM . The following primers were synthesized: 5Ј-AGCAGCTTTGTGTGTGTGATTCTAA-3Ј and 5Ј-AGTTTCGGCTTTCCAGTCAGAC-3Ј for caspase-3; 5Ј-AGACAAGCTG-GACAACGTGACC-3Ј and 5Ј-CCAGGAGCCATTCACAGTTTCT-3Ј for caspase-6; and 5Ј-GGAGGACTATGGTGATTGGAGC-3Ј and 5Ј-TAAG-GCGCTGGTGGATATGG-3Ј for caspase-7 (Integrated DNA Technologies, Inc., Coralville, IA). The expected PCR products were 137, 133, and 123 base pairs, respectively. The PCR utilized the QuantiTect SYBR Green PCR kit (Qiagen). Reactions were loaded on 96-well thin wall plates and sealed with optical quality sealing tape (Bio-Rad). Each reaction was run on an iCycler iQ Multi-Color Real Time PCR detection system (Bio-Rad) under the following conditions: 95°C for 15 min (94°C for 30 s, 55°C for 30 s, 72°C for 30 s) for 50 cycles, 72°C for 3 min. In preliminary experiments, PCR products were visualized by agarose gel electrophoresis to verify that, in each case, a single product was amplified. Products were then sequenced to confirm their identity. Amplified products were purified using QIAquick PCR purification kit (Qiagen) and used to create a series of dilution standards for the real time PCR.
Antibodies-In preliminary experiments, we noted that commercially available caspase antibodies varied widely in specificity. Consequently, we prescreened a number of antibodies in order to identify reagents that reliably labeled each of the executioner caspases in Western blot or immunofluorescence applications. The screening procedure utilized caspase knock-out mice (as negative controls) and tissue extracted from brain or heart (tissues known to strongly express caspase-3, -6, and -7) of wild type mice as positive controls. Recombinant caspases were used as additional positive controls. In our hands, the following antibodies proved to be specific: anti-caspase-3 (catalog no. 9662; Cell Signaling, Beverly, MA), anti-caspase-6 (catalog nos. 9762 and 9761S; Cell Signaling), and anti-caspase-7 (RB-1199-PO; Neomarkers, Freemont, CA). Each of these antibodies identified a band of the appropriate size on Western blots prepared from wild type mice. These bands were absent in samples from the corresponding knock-out animals. To visualize the activity of caspase-3, we used an antibody raised against the active form of that enzyme (catalog no. 9661; Cell Signaling). The distribution of endoplasmic reticulum within the lens was mapped by indirect immunofluorescence, using an antibody (diluted 1:500) against protein-disulfide isomerase, an endoplasmic reticulum-resident protein, as described (18) . Alexa 488-conjugated goat anti-rabbit IgG (diluted 1:500) was used as a secondary antibody (Molecular Probes, Inc., Eugene, OR).
Western Blot-Lenses were dissected carefully from the eyes of P21 mice. The epithelium was removed by grasping the capsule with fine forceps and carefully peeling it away from the underlying fiber cell mass. The epithelial cells remained adherent to the isolated capsule. The fiber cell mass was then divided into two fractions. The outer, "cortical," fraction consisted of a peripheral layer of fiber cells ϳ0.5 mm thick. The remainder of the fiber mass was designated as the "core" sample. Whole lenses, or regionally dissected lenses were immediately homogenized in NuPAGE LDS buffer (Invitrogen) containing a mixture of protease inhibitors (Roche Applied Science). Protein concentration was assayed colorimetrically (Bio-Rad DC protein assay), and 20 g of protein were separated on NuPage 12% bis-Tris acrylamide gels (Invitrogen) using MOPS SDS running buffer. After transfer to nitrocellulose, the blot was incubated with caspase antibodies (diluted 1:1000). The primary antibodies were detected by a horseradish peroxidaseconjugated secondary antibody (Pierce) followed by Supersignal chemiluminescence detection (Pierce). The chemiluminescent signal was recorded using a 16-bit CCD gel imaging system (Genegnome, Synoptics Inc., Frederick, MD).
Caspase Activity Assays-Executioner caspase activity was quantified using an EnzChek assay kit (Molecular Probes). Freshly dissected whole lenses or regionally dissected lenses were freeze-thawed in 100 l of lysis buffer. An equal volume of fluorogenic substrate solution (2ϫ reaction buffer, 10 mM dithiothreitol, and 200 M Ac-DEVD-AMC or Ac-VEID-AMC peptide) was added to each lens lysate. Lysates were incubated for 2 h at 37°C in a fluorescence microplate reader (model HTS7000; PerkinElmer Life Sciences). Changes in fluorescence were monitored over time, using 360-nm excitation and 465-nm emission filters. The concentration of AMC released was deduced from a standard curve containing the fluorescence values of known concentration of pure AMC. Recombinant active human caspase-3, -6, and -7 were used as positive controls (caspase-3 and -7 from Pharmingen (San Diego, CA); caspase 6 from BioVision (Palo Alto, CA)). In some experiments, lenses were treated with 1 M staurosporine prior to lens lysis (Calbiochem). Staurosporine was added for 24 h in warm Dulbecco's modified Eagle's medium/F-12 medium supplemented with insulin, transferrin, and selenium, penicillin/streptomycin, and fungizone (Invitrogen). Samples were compared using a two-tailed paired t test. Differences were considered to be significant at p Ͻ 0.05. Generally, samples prepared from caspase knock-out animals were compared with those from age-matched wild type littermates in assays run concurrently. Results were normalized to the wild type samples.
Histology-Lenses were fixed overnight in freshly prepared 4% paraformaldehyde in PBS. Tissue was dehydrated and embedded in paraffin using an automatic tissue processor. Sections (10 m thick) were cut in the sagittal plane, stained with hematoxylin and eosin, and photographed using a CCD camera (Spot RT; Diagnostic Instruments, Inc.) mounted on an inverted microscope (Axiovert 200M; Zeiss).
Immunofluorescence-Lenses were dissected from newborn mice and fixed overnight in freshly prepared 4% paraformaldehyde in PBS. Lenses were embedded in 4% agarose in PBS and sliced into 150-m sections using a Vibratome tissue processor (Vibratome series 1000 plus; TPI Inc., St. Louis, MO). Lens slices were permeabilized in 0.1% Triton X-100 plus PBS for 30 min, blocked in 10% normal goat serum, 1% bovine serum albumin, PBS for 1 h, and incubated in primary antibody (diluted 1:500 in blocking solution) overnight at 4°C. Slices were washed several times in PBS and then incubated in secondary antibody (diluted 1:500 in blocking solution) for 2 h. Sometimes the secondary antibody solution contained 1 g/ml propidium iodide to label lens nuclei. After additional washes with PBS, slices were coverslipped and viewed using an LSM 510 confocal microscope (Zeiss).
RESULTS
To determine which, if any, executioner caspases were expressed in the highly differentiated mouse lens fiber cells, we used a quantitative real time RT-PCR technique (Fig. 2) . Fiber cell mRNA from adult mouse lenses was isolated and reverse transcribed into cDNA. Executioner caspase transcripts were amplified using primers specific for caspase-3, -6, or -7. Dilution standards prepared from purified PCR products were run simultaneously with fiber cell preparations, and transcript abundance was calculated from the standard curve dilution series. Transcripts for each of the executioner caspases were present in lens fiber cell cDNA (Fig. 2) . Caspase-7 was the most abundant of the three mRNA transcripts, being ϳ7-fold more concentrated than the least abundant, caspase-6.
We next examined whether caspases identified at the mRNA level in the adult mouse lens could also be detected at the protein level. Before attempting this, however, it was necessary to evaluate a number of caspase antibodies, because preliminary experiments suggested that many commercially available antibodies lacked sufficient specificity. We tested whether antibodies were able to recognize the pro-form of each enzyme in brain preparations obtained from wild-type mice (Fig. 3A) . We also confirmed that the antibodies recognized the cleaved, activated form of the caspases. As negative controls, we utilized samples prepared from the brains of caspase knock-out animals. Using these criteria, we identified a suitable set of antibodies, and these were used to probe Western blots of lens tissue (Fig. 3B) .
Lysates prepared from regionally dissected 3-week-old mouse lenses were probed using antibodies specific for each of the caspases (Fig. 3B) . Procaspase-7 was present at approximately equal concentration in each region of the microdissected lens. The cleaved form of caspase-7, however, was not detected in any of the lens samples. Procaspase-6 was present in the lens epithelium but absent from both the core and cortical fiber samples. The active form of caspase-6 was not observed in the lens. Neither procaspase-3 nor the active form of caspase-3 was detected in mouse lenses of this age. Thus, by Western blot analysis, there was no evidence that the cleaved (active) forms of these caspases were present in the lens. However, proteolytic degradation of organelles is believed to occur in a relatively narrow domain bordering the OFZ. Conceivably, therefore, caspases might be active in this region but remain undetected because the organelle degradation domain might constitute only a minor fraction of the analyzed samples.
Lysates prepared from freshly dissected lenses or parts thereof were incubated with appropriate fluorogenic substrates (DEVD-AMC for caspase-3 and -7 and VEID-AMC for caspase-6) and monitored using a microplate reader. We compared the endogenous activity for each executioner caspase in lysates prepared from wild type and caspase knock-out lenses (Fig. 4) . Significant levels of VEIDase and DEVDase activity A, the specificity of caspase antibodies was evaluated by Western blot using tissue samples from wild type and caspase knock-out animals and recombinant activated caspases. Each antibody recognized both the proforms (arrow) and active forms (arrowhead) of the respective caspases. B, Western blot of intact and regionally dissected lenses from P21 mice. Procaspase-7 was detected throughout the lens. Procaspase-6 was only detected in the lens epithelium. Caspase-3 was not detected.
FIG. 4.
Endogenous executioner caspase activity in the mouse lens. Enzyme activity was measured using a fluorescent assay in lysates prepared from P21 wild type and knock-out lenses (see "Materials and Methods" for details). A, lens lysates contain both DEVDase and VEIDase activity. B, wild type and caspase-6 Ϫ/Ϫ lenses contain similar amounts of VEIDase activity. In either case, VEID-CHO, a peptide inhibitor of caspase-6, effectively blocks the activity. Recombinant caspase-6 and substrate alone (Ac-VEID-AMC) are included as, respectively, positive and negative controls. C, endogenous enzyme activity in caspase-deficient lenses normalized to that of wild type littermates. Assays were performed using appropriate substrates (DEVD-AMC for caspase-3 and -7 and VEID-AMC for caspase-6). Only in caspase-3 Ϫ/Ϫ lenses is the endogenous activity significantly reduced compared with wild type. D, distribution of DEVDase activity in the lens. Lens fibers were separated into cortical and core samples. Cortical samples contained the highest DEVDase activity. DEVDase activity in core and cortical samples from caspase-3 Ϫ/Ϫ lenses is reduced relative to wild type, suggesting that caspase-3 activity is present throughout the lens. *, p Ͻ 0.05; **, p Ͻ 0.01.
were detected in lens lysates (Fig. 4A) . In absolute terms, lens samples contained higher levels of VEIDase activity than DEVDase activity (26.218 Ϯ 2.5772 M AMC released/lens/h compared with 7.18532 Ϯ 1.6699 M/lens/h), a difference of almost 4-fold. VEID-AMC is considered a specific substrate for caspase-6 and recombinant active caspase-6 (0.1 units) effectively cleaved the VEID-AMC substrate (Fig. 4B) . As expected, treatment with VEID-CHO, an inhibitor of caspase-6, reduced the VEIDase activity of the recombinant protein to near background levels. Lysates prepared from wild type lenses contained substantial VEIDase activity, and this activity was almost completely abolished upon treating the lysates with VEID-CHO (Fig. 4B) . Surprisingly, however, the VEIDase activity observed in lysates from caspase-6 knock-out lenses was indistinguishable from that measured in wild type samples. This observation suggested that most of the endogenous VEIDase activity present in the lens could not be attributed to the action of caspase-6. Furthermore, treatment of lens lysates from caspase-6 knock-out animals with VEID-CHO completely inhibited VEIDase activity. Thus, mouse lenses contained a potent VEIDase that was inhibited by VEID-CHO but was demonstrably not caspase-6. Furthermore, VEIDase activity was probably not due to another caspase, because it was not inhibitable by the potent pancaspase inhibitors, benzyloxycarbonyl-VAD-FMK and t-butoxycarbonyl-Asp-FMK (data not shown). A similar, but less dramatic, effect was noted using the caspase-3/7 substrate DEVD-AMC. Lysates prepared from wild type lenses contained a significant amount of DEVDase activity (Fig. 4A) . However, comparisons with lysates prepared from caspase-3 Ϫ/Ϫ or caspase-7 Ϫ/Ϫ lenses indicated that most of the DEVDase activity was not attributable to either of those enzymes. Specific caspase activity was expressed as the ratio of DEVDase or VEIDase activity in wild type lenses to that of the corresponding knock-out lenses from age-matched littermates (Fig. 4C) . Only for caspase-3 did this ratio differ significantly from 1.0, and, even in that case, specific caspase-3 activity accounted for only 10% of the total DEVDase activity measured in the lens. From these experiments, we can conclude that the lens contains a noncaspase protease (or proteases) with the ability to cleave fluorogenic caspase substrates and that, of the executioner caspases, only caspase-3 is active endogenously.
Organelle degradation occurs continuously in a shifting subset of cortical fiber cells (13) . To determine whether caspase-3 might be activated specifically in this region, we measured DEVDase activity in microdissected cortical and core fiber cell samples. DEVDase activity (normalized to values obtained from cortical samples from age-matched wild type littermates) was present in both cortical and core samples from wild type lenses, although the activity in the core was only ϳ70% that of the cortex (Fig. 4D) . In lysates prepared from the cortical and core regions of caspase-3 Ϫ/Ϫ lenses, DEVDase activity was reduced relative to wild type samples in both regions, indicating that low levels of specific endogenous caspase-3 activity were present throughout the lens.
To assess whether caspase-3 activity was increased in cells undergoing organelle degradation, we utilized an antibody that specifically recognized cleaved (activated) caspase-3. Midsaggital sections of P1 lenses from wild type (Fig. 5, A, B , E, and F) or caspase-3 knock-out (Fig. 5, C and D) littermates were prepared. Slices were stained with propidium iodide (a nuclear marker) and co-labeled with anti-activated caspase-3. The propidium fluorescence demonstrated that, in each case, nuclei were present throughout the epithelium and superficial fiber cells but absent from the OFZ in the center of the lens (the position of which is indicated by the arrows in Fig. 5 , A and C; see also Fig. 1 ). In the epithelium of wild type lenses, numerous cells were positively stained by the activated caspase-3 antibody (Fig. 5B) . These probably represented apoptotic cells, which are known to be common in the epithelium of the developing lens (19) . In contrast, lens slices prepared from caspase-3 knock-out animals showed no immunostaining (Fig. 5D) , demonstrating the specificity of the antibody. At higher magnification (Fig. 5E ), immunopositive cells in the wild type lens epithelium displayed typical apoptotic morphologies. Using the same viewing conditions, activated caspase-3 immunofluorescence was undetectable in cells bordering the OFZ (Fig. 5F ). These data suggest that although caspase-3 activation is implicated in apoptotic cell death in the lens epithelium, it does not accompany organelle degradation in the lens fiber cells.
To evaluate the lens phenotype in each of the caspase-deficient animals, lenses were photographed against a dark background under oblique lighting (Fig. 6A) . Viewed in this way, lenses from wild type, caspase-6 Ϫ/Ϫ , and caspase-7 Ϫ/Ϫ mice were indistinguishable. In each case, the lens was of normal size and shape and completely transparent. In contrast, lenses from caspase-3-deficient animals had marked cataracts located directly on the optic axis. Histological analysis of lenses from wild type and caspase-3-deficient littermates revealed the cause of the opacity to be an accumulation of epithelioid cells at the anterior pole of the lens. In wild type lenses (Fig. 6B) , the epithelium was present as a single monolayer interposed between the smooth, overlying lens capsule and the closely packed anterior tips of the underlying fiber cells. In contrast, at the anterior pole of caspase-3 Ϫ/Ϫ lenses, the epithelium was multilayered and disorganized, and the close packing arrangement of the underlying fiber cells was disturbed (Fig. 6C) . The lens capsule above the opaque region was thrown into irregular folds. Polar cataracts were observed in ϳ75% of caspase-3 Ϫ/Ϫ mice and never observed in caspase-6 or -7 knock-out mice or wild type animals. Opacities were not evident at birth but could generally be detected by the end of the first postnatal week and were usually mature by 3 weeks of age. The majority (12 of 14) of older (6 months to 2 years of age) mice examined did not have cataracts, suggesting that in most cases the opacity had disappeared in the interim. This is an interesting observation, because rarely do frank opacities of the lens resolve.
To examine whether the absence of individual executioner caspases prevented or delayed organelle degradation, we mapped the tissue-wide distribution of nuclei and endoplasmic reticulum in wild type or knock-out lenses (Fig. 7) . Lenses were serially sectioned parallel to the optical axis, and the centermost sections were selected for detailed analysis. The following parameters were recorded: the area of the lens slice, the area of the OFZ, and the distance (D) between the equatorial surface of the lens and the border of the OFZ. The distance, D, is a sensitive measure of the rate of organelle loss. D is expected to decrease if organelles are degraded at a faster than usual rate.
Conversely, an increase in D signifies that organelle degradation is delayed (32) . Organelle degradation commences in the mouse lens during the late stages of embryonic development, and by P2 (the age examined here) the OFZ is a well defined region in the center of the tissue. Staining with an anti-endoplasmic reticulum antibody or a nucleic acid stain, propidium iodide, revealed that, in wild type or knock-out P2 lenses, nuclei and endoplasmic reticulum were synchronously degraded at the border of the OFZ. At P2, the OFZ border is located ϳ300 m below the equatorial surface of the mouse lens. To determine whether the absence of any single caspase delayed the organelle degradation process, we compared the depth of organelle-containing cells in wild type and knock-out lenses. This distance (D in Fig. 7 ) did not differ significantly between wild type and caspase-3-, caspase-6-, or caspase-7-deficient mice, indicating that loss of any single executioner had little or no effect on the organelle degradation process.
Fluorogenic enzyme assays demonstrated low endogenous levels of specific caspase-3 activity in the lens (Fig. 4) but failed to detect caspase-6 or -7 activities under resting conditions. To test whether executioner caspase activity could be induced in the lens, we incubated lenses for 24 h in the protein kinase inhibitor, staurosporine. For each substrate, the response of wild type mice and knock-out age-matched littermates was compared, enabling the specific contribution of each caspase to be calculated (Fig. 8) . Treatment of wild type lenses with 1 M staurosporine caused a marked increase in total DEVDase activity of ϳ1.5-fold (Fig. 8A) . The increase could be attributed entirely to caspase-3 activity, because staurosporine treatment of caspase-3 Ϫ/Ϫ lenses was not associated with increased DEVDase activity. As shown in FIG. 6 . The lens phenotype in executioner caspase null mice. A, dark field images of whole lenses from wild type and caspase knock-out mice. The wild type, caspase-6 and -7 knock-out lenses are of normal size and transparency, whereas caspase-3 knock-out lenses develop anterior polar cataracts (arrow). B and C, histological analysis of wild type (B) and caspase-3-deficient lenses (C) demonstrates that the opacity in the knock-out lens is due to the presence of a disorganized and multilayered region of the epithelium located on the visual axis. Cap, capsule; Epith, epithelium. Scale bar, 500 m (A) and 20 m (B and C).
FIG. 7.
Effect of caspase deletion on organelle loss. Midsagittal lens slices prepared from wild type and caspase-deficient mice were incubated with an antibody against protein-disulfide isomerase (an endoplasmic reticulum protein; green) and propidium iodide (a nuclear stain; red) to delineate the borders of the OFZ. The area of the lens slice and the area of the OFZ were measured from confocal images, and the ratio of these areas was computed. The distance (D) between the equatorial surface of the lens and the border of the OFZ was also measured. The tabulated measurements indicate that the pattern and rate of organelle degradation is unaffected in the knock-out lenses. Scale bar, 200 m. WT, wild type. Fig. 4 , only 10% of the endogenous DEVDase activity detected in the untreated lens was due to caspase-3. The increase in DEVDase activity following staurosporine treatment thus represents an approximate 6-fold increase in specific caspase-3 activity. Similarly, lens VEIDase activity was significantly stimulated by staurosporine treatment (Fig. 8B) . In this case, the overall increase in VEIDase activity was modest (ϳ1.1-fold). However, this increase was completely blocked in the caspase-6 Ϫ/Ϫ lenses. The absolute level of VEIDase activity in the lens is ϳ4-fold higher than DEVDase activity (see Fig. 4A ), and, under resting conditions, specific caspase-6 activity is undetectable. The increase in caspase-6 activity following staurosporine treatment is thus greater in both absolute terms (molecules of substrate cleaved) and relative terms (-fold increase in specific caspase-6 activity) than for caspase-3. By real time RT-PCR and Western blot analysis, caspase-7 appeared to be the most abundant of the executioner caspases expressed in the lens (Figs. 2 and 3) . It was of interest, therefore, to determine whether caspase-7 activity could be induced in the lens. The DEVD-AMC substrate is utilized by both caspase-3 and caspase-7. Therefore, the relative contributions of these two proteases could only be determined by reference to the DEVDase activity induced by staurosporine treatment of the corresponding knock-out lenses. Fig. 8C shows the increase in DEVDase activity in wild type lenses following a 24-h exposure to staurosporine (these data confirm those shown in Fig. 8A) . Significantly, the response of caspase-7 Ϫ/Ϫ lenses was indistinguishable from wild type lenses. This observation, together with the data shown in Fig. 8A , confirms that the staurosporine-induced increase in DEVDase activity could be attributed entirely to activation of caspase-3. This result also suggests that in the absence of caspase-3, a compensatory increase in caspase-7 activity does not occur.
The staurosporine experiments revealed that even in the presence of a cytotoxic agent, only two executioner caspases (caspase-3 and -6) were activated in the lens. This observation prompted us to generate mice deficient in both caspase-3 and caspase-6 and to determine whether the simultaneous absence of both proteases blocked the organelle degradation process. Double knock-out animals were generally slightly smaller than their heterozygous littermates, and the ocular phenotype was somewhat variable. Often the eyes were microphthalmic or even, on one occasion, missing entirely. However, in ϳ50% of animals, grossly normal lenses were present. The anterior polar cataract noted in the caspase-3 Ϫ/Ϫ animals was even more pronounced in the double knock-out mice (data not shown). However, histological evaluation of the equatorial lens region from three such animals revealed a relatively normal tissue organization (an example is shown in Fig. 9B ). In hematoxylin and eosin-stained sections, the denucleation of fiber cells in the lens cortex was apparent (arrows in Fig. 9, A and B) . Denucleation occurred at approximately the same depth in the double knock-out and age-matched controls. Thus, even the simulta- This increase is not observed in caspase-3-deficient mice. B, VEIDase activity is modestly increased in staurosporine-treated wild type lenses. This increase does not occur in caspase-6-deficient mice. C, following staurosporine treatment, DEVDase activity is increased to a similar extent in wild type or caspase-7 knock-out mice. *, p Ͻ 0.05; **, p Ͻ 0.01.
neous absence of caspase-3 and caspase-6 did not prevent or appreciably delay the organelle loss process.
DISCUSSION
In the present study, we found evidence that two executioner caspases were active in the lens; caspase-3 was endogenously active, whereas caspase-6 was activated by staurosporine treatment. The inactive pro-form of a third caspase, caspase-7, was detected throughout the lens, but activated caspase-7 was not observed. Although DEVDase activity was increased significantly by staurosporine treatment, this was due entirely to an increase in caspase-3 activity. It is generally believed that executioner caspases serve as substrates for each other (33) and that caspase-7 may be the most downstream of all caspases (34) . It was noteworthy, therefore, that in the resting lens, the caspase-7 zymogen remained uncleaved in the presence of endogenously active caspase-3. Furthermore, caspase-7 activity was not induced by staurosporine, despite the fact that both caspase-3 and caspase-6 activity were increased significantly by this treatment. Recent experiments in COS cells suggest that sequences located in the N-terminal region of caspase-7 may serve to physically sequester this enzyme in a cellular compartment that is inaccessible to other caspases (34) . If this is also the case in the lens, it could explain why the caspase-7 zymogen remains uncleaved, even in the presence of activated caspase-3 and caspase-6.
Previous studies of the lens have inferred the existence and even identity of caspases from the disappearance of well characterized caspase substrates during lens fiber differentiation (19, (35) (36) (37) . However, because of their inherent substrate promiscuity, ascribing a specific proteolytic event to the activity of a particular caspase is problematic. Moreover, caspasemediated proteolysis is frequently difficult to distinguish from that of other proteolytic systems (38) . For example, cleavage of poly(ADP-ribose) polymerase (which occurs during apoptosis and fiber cell differentiation and which, in both cases, has been attributed to the activity of caspase-3) can result from calpain activation (39) . We have examined the processing of two putative caspase-3 substrates, ␣ 8 -connexin and DNA fragmentation factor, in the lens. Western blot analysis confirmed that both proteins were truncated during fiber cell differentiation in wild type lenses, as reported (22, 37) . However, the cleavage pattern of these substrates in caspase-3 Ϫ/Ϫ mice was indistinguishable from wild type (data not shown). Clearly, therefore, caspase-3 plays no unique role in these particular post-translational modifications. This example underlines the need for caution when inferring the identity of enzymes based solely on the cleavage pattern of endogenous substrates.
The major enzymatic activity identified in this study was a VEIDase distributed throughout the lens. The VEIDase in the resting lens was inhibited by VEID-CHO, a caspase-6 inhibitor. The VEIDase activity was, however, indistinguishable from that observed in caspase-6 Ϫ/Ϫ lenses and was not, therefore, due to caspase-6 itself or, indeed, to another caspase, since it was not blocked by treatment with pancaspase inhibitors. Similarly high levels of endogenous VEIDase activity have recently been reported in rat lens extracts (40) . In that study, the activity was shown to increase 6-fold during the period of embryonic development (embryonic days 15.5-18.5) in which organelle degradation was first triggered. The increase in VEIDase activity coincided with the disappearance of procaspase-6 from the fiber cell cytoplasm. This was taken as evidence that the VEIDase activity was due to activation of caspase-6 and that this enzyme might, therefore, play a role in organelle degradation. In the present study, we showed that the lens VEIDase is not caspase-6 and that knock-out of the latter does not impede organelle degradation. These data strongly suggest that caspase-6 does not have a critical role in lens organelle degradation. To date, however, VEIDase is the only proteolytic activity known to correlate with the onset of organelle degradation, and therefore, it will be important to determine its molecular identity. We have screened a number of protease inhibitors in an attempt to identify the lens VEIDase, including lactacystin (a proteasome inhibitor), E64 (a calpain inhibitor), and benzyloxycarbonyl-FA-FMK (a pancathepsin inhibitor). However, treatment of lens lysates with any of these inhibitors had no significant effect on the measured VEIDase activity (data not shown). Because the VEIDase activity is strongly inhibited by VEID-CHO, that inhibitor may be a useful reagent with which to isolate and identify the lens VEIDase. Such studies are ongoing in our laboratory.
The deletion of any single executioner caspase had no discernible effect on organelle degradation. Careful mapping of organelle distribution within caspase knock-out lenses demonstrated that not only were organelles eliminated from the core of such lenses but that the rate of organelle degradation was indistinguishable from wild type. It can reasonably be argued that within a large family of closely related proteins, such as the caspases, functional redundancy will ensure that loss of a single protease may be tolerated. Indeed, direct evidence for compensatory caspase activation has already been noted in knock-out mice (30) . However, there was no evidence of compensation in our experiments. Caspase-3 and -7 have significant overlap in substrate specificity and might be expected to compensate for each other. However, we observed that the increase in DEVDase activity in wild type lenses after staurosporine treatment was completely blocked in caspase-3-deficient mice. Thus, at least in that case, there was no evidence that the loss of caspase-3 activity was offset by an increase in caspase-7 activity. Even in staurosporine-treated lenses, only two executioner caspases were found to be active, caspase-3 and caspase-6. Subsequent knock-out of both of these genes had no significant effect on organelle degradation. Unfortunately, due to the difficulty in raising large numbers of animals simultaneously deficient in both genes, we were not able to test whether, in that case, there was a compensatory increase in the activity of other caspases. From these data we can conclude that no individual executioner caspase, nor a combination of caspase-3 and -6, is necessary for the programmed elimination of lens organelles.
It has recently been proposed that the mitochondrial cell death pathway is required for the initiation of lens fiber cell differentiation (41) . According to this model, executioner caspases (specifically caspase-3) are required for the proper elongation of fiber cells. The authors report that treatment of embryonic lens cell cultures with DEVD-CMK impairs the formation of differentiated lentoid structures. Moreover, caspase-3-like activity was found to be elevated in the equatorial epithelium, the region in which fiber cell elongation is initiated. Our studies do not support the hypothesis that caspase-3 has an indispensable role in fiber cell elongation, since elongation occurred properly in caspase-3 null animals. We have also found that the majority of DEVDase activity measured in the lens is not due to the action of caspase-3. If DEVDase activity is a requirement for lens fiber cell differentiation, it must be due to proteases other than caspase-3.
Mice deficient in caspase-3 exhibited marked anterior polar cataracts. The cataracts resulted from the presence of a disorganized plaque of epithelioid cells beneath the central lens capsule. In human lenses and in a variety of animal models, anterior polar cataracts are thought to result from the transdifferentiation of epithelial cells into myofibroblasts, perhaps in response to the activation of tumor growth factor-␤ signaling pathways (42) (43) (44) . A number of characteristic markers are expressed in anterior polar cataracts, including ␣-smooth muscle actin, type I and type III collagen, tenascin, and fibronectin (43) . It will be interesting to determine whether the cataracts observed in caspase-3 Ϫ/Ϫ mice express such markers. Several studies have noted increased levels of apoptosis within anterior polar cataracts (42, 45, 46) , but it is not evident whether this is causally related to the formation of the opacity or a response to it. In the caspase-3 Ϫ/Ϫ animals, the opacity was associated with multilayering of the lens epithelium (i.e. from a surfeit of cells). In the present study, we confirmed earlier observations that apoptotic cell death occurs frequently in the normal lens epithelium (19) . Although we have not yet determined whether the absence of caspase-3 results in decreased levels of epithelial apoptosis, were such an effect to occur, it could contribute directly to the phenotype.
Recently, a lens phenotype of a mouse deficient in DNase II-like acid DNase was reported (47) . In those animals, partially digested nuclei persist abnormally in the lens core, resulting in nuclear cataracts. The DNase II-like acid DNase nuclease is active at low pH and is thought to be a lysosomal protein (48) . The unambiguous involvement of a lysosomal nuclease in fiber cell organelle degradation is intriguing and may require a reassessment of the notion that organelle degradation in the lens occurs via an apoptosis-like mechanism.
